There have been many investigations of the way in which the surface grows during the cell cycle of Escherichia coli (see 7, 14 for review), and various, mutually contradictory conclusions have been drawn from these experiments. For example, many of the earlier reports concluded that the cell surface increased during cell growth by intercalation of new material at a large number of sites in each cell (1, 9, 19, 32) and others suggested that growth was at the cell poles, as in fungi (2, 3, 6, 11, 13) , whereas still others have suggested that surface extension took place in a central zone, as in Streptococcus (17, 27, 29) . Criticisms can be made of all of these interpretations (see Discussion). We now present further evidence that extension of the outer membrane, or at least of some structurally important components of it, does in fact take place only at the cell poles.
MATERIALS AND METHODS
Bacterial strain. E. coli strain M6 (2) carries an amber mutation in the tsx gene, which is responsible for the production of the receptor for phage T6, together with a temperature-sensitive amber suppressor, suIII-A81 (30) . It is derived from E. coli K-12 MB93 A81 (30) . Strain M6T-is a low-thyminerequiring auxotroph derived from M6.
Phage. Phage T6-M6 is a mutant of phage T6 selected for its improved adsorption to the receptors produced in strain M6 by suppression of the tSXamber mutation (2) .
Growth conditions. Cells were grown in minimal medium (M9 salts [2] + 0.2% glucose + thymine [50 jig/ml]) plus required amino acids (20 ,ug/ml each) or broth (L-broth + glucose) at 30 or 42°C in a shaking water bath. The doubling time in minimal medium was approximately 80 min at both 30 and 42°C. In broth the doubling times were approximately 44 min at 30°C and 30 min at 42°C.
Localization of T6 receptor sites. Phage was added at a multiplicity of not less than 200 per cell, and adsorption was allowed to take place overnight in the cold (M6, unlike its parent strain, is not susceptible to "lysis from without" by excess T6, presumably because of the low number of effective receptor sites per cell). Two volumes of cell suspension were then fixed with 1 volume of 5 % glutaraldehyde in 0.08 M phosphate buffer, pH 7.4, for 30 min at room temperature and washed three times with filtered distilled water to remove unbound phage. Equal volumes of cell suspension and bacitracin (40 jig/ml) were mixed together (10) . Drops were mounted on collodion-coated grids and negatively stained with 1% uranyl acetate. The positions of adsorbed phages were measured on electron micrographs (see Fig. 6 , 7, and 9).
Treatment of the data. The average number of phage adsorbed per cell is low, because suppression is incomplete even at 30°C. Some suppression still takes place also at 42°C, such that receptors continue to be synthesized at a rate that is about 10% of the 30°C rate (2) . Therefore, we have usually combinbd the measurements on individual cells to show the average distributions. For this purpose, cell lengths have been normalized to 1, and phage positions are expressed as fractions of this length.
To a first approximation, cells of E. coli K-12 M6 may be considered to be cylinders with hemispherical poles, so that sections taken along the long axis will have equal surface areas. Measurement of the numbers of phages adsorbed in equal-length sections of tsx + cells shows that the cells are not significantly flattened at the poles (which would have the effect of lowering the measured phage density in polar sections) and, accordingly, no corrections need be made for the phage count near the poles.
A complication that does introduce some error into our measurements is that it is easier to see phage particles if they lie near the outline of the cell (see Fig. 6 , 7, and 9), because stain accumulates in the interior. Although the areas of the polar sections are the same as those of interior sections of the same length, their outlines are longer and, therefore, the measured proportion of phage is generally biased in favor of the cell ends. This effect is, however, not great, and we have not attempted to correct for it.
In a previous publication (2) we expressed phage positions as fractional distances from the nearer of the two cell poles. This procedure was sufficient to demonstrate the existence of polar growth, but it VOL. 129, 1977 cannot be used to show any asymmetry in the pattern of growth. However, inspection of large numbers of labeled cells suggested to us that such asymmetries did exist, and we have therefore used the following procedure in the present paper.
The number of phage particles visible in each half of each cell was counted, and the cell pole of the half with the higher number was designated as the "left" end of the cell. For each cell, the fractional distance of each phage particle from this left pole was then measured, and the data from all cells were pooled to give a biased frequency histogram. Between The numbers ofphage adsorbed per cell given above are about twice as high as those we reported previously (2) . This difference is due to the use of improved adsorption procedures in most of the present experiments (see above). Some experiments, however, were carried out using the previous adsorption technique, which gives about 10 phage per 30°C minimal cell (Fig. 2, 3, and 13 ).
Distribution of receptors on cells growing at 30°C. Figure 2A shows the normalized distribution of phage after adsorption to cells from an asynchronous log-phase population grown at 30°C in minimal medium. Phage particles were found over the entire cell surface, with a shallow gradient from the poles toward the center. Figure 2B shows the data plotted as a biased histogram, as explained above. The difference in numbers between the two halves (left and right) is hardly greater than that expected by chance (Fig. 1) .
In most of the experiments described below, cell division was blocked by the addition of a low concentration of penicillin (60 IU/ml [2, 6] Fig. 1 were taking place at one or two localized sites, the preformed receptors would remain together after the temperature shift in a total area equal to that of the cell surface before the shift.
To distinguish between these two possibilities, an asynchronous population of cells in logphase growth at 300C in minimal medium was transferred to 42°C. Penicillin (60 IU/ml) was added at this time to stop further cell division without affecting the growth rate in mass or length (2, 6) . After one mass doubling at 42°C, the distribution of receptor sites was determined as before. Figure 4 shows the result. There is now a steep gradient of receptor concentration, from a very low value at the poles to a maximum in the cell center.
This result is consistent with the idea that new surface growth is taking place predominantly at the cell poles (2, 6) . Thus, the expected ratio of preformed receptor sites to those formed after the temperature shift (assuming they are stable) is about 9 to 1, and 78% of all receptors are, in fact, found within that half of the cell surface located around the cell center.
Experiments with synchronous populations. Figure 4 suggests that, on average, cells in an asynchronous population are extending their surface at both poles. Previous work (6) has indicated that cell elongation is asymmetric in small cells, taking place predominantly or entirely at one pole. We therefore searched for signs of asymmetry in the growth of the outer membrane using our present experimental system.
To do this, we used a selected fraction of cells of less than average length selected from an asynchronous exponential 30°C population by sucrose gradient centrifugation (8, 12, 22) . These cells were shifted to 42°C in the presence of penicillin as before, and the distribution of receptors was assayed after one mass doubling or after 0.5 mass doubling. Figure 5 shows the result. After 0.5 mass doubling, 93% of receptors were found within a section extending from one pole to two-thirds of the cell length (the expected proportion of preformed receptors at this time being 95%). The remaining one-third of the cell, the length expected to be synthesized in 0.5 mass doubling at 42°C, was almost devoid of phages. Figure 5B shows the distribution after one mass doubling at 420C. In this case, 81% of the phage (90% of the expected proportion) are distributed within a length equal to one-half the normalized cell length (as found for the asynchronous culture in Fig. 4 ), but this section is asymmetrically placed.
Electron micrographs of individual cells, illustrating this labeling pattern, are given in Fig. 6 and 7.
These observations are consistent with the idea that in this strain of cells under these growth conditions, the cell surface of newborn cells grows only at one pole and that growth at the second pole begins at some time during the second half of the cell cycle. (As will be discussed, this pattern of growth is also consistent with the observed distribution of receptors in pooled measurements of asynchronous populations.)
Growth of cells in rich medium. The experiments described above were repeated using cells growing in L-broth plus glucose, in which cells were, on average, 28% longer than in min- Fig. 3 , except that the temperature was raised from 30 Fig. 8 . The result differs from that obtained with the smaller cells in that the distributions are more symmetric, indicating that growth is taking place more or less equally from both poles through most of the cell cycle. Figure 9 shows the distribution of T6 on such a cell, which had been grown for one mass doubling at 42°C in the presence of penicillin.
Effect of chromosome termination on the pattern of growth. Pritchard (26) has suggested that the rate of cell elongation might double as a consequence of the termination of rounds of chromosome replication. A rough calculation based on our observations suggests that the switch from unipolar to bipolar growth is taking place at about the calculated time of termination of chromosome replication in our strain of cells (see below). Since such a switch might reasonably be expected to lead to a doubling in the rate of cell elongation, we attempted to determine whether this change in growth pattern was dependent on chromosome termination. In fact, we found no such dependence. (Elsewhere we present evidence that the rate of cell elongation also is independent of chromosome termination [6a] ).
We carried out two sorts of experiments. In the first, growth of newborn cells was inhibited, whereas chromosome replication was allowed to go on to completion. If chromosome termination were the sole signal for a switch from unipolar to bipolar growth, we would expect the growth of these cells to resume at both poles. In the second experiment, cells were allowed to grow, but termination of chromosome round was blocked. If termination is a necessary precondition for the change from unipolar to bipolar growth, such cells would be expected to continue to grow only at one pole.
In the first experiment, cells of M6T-leuwere grown in minimal medium containing leucine and thymine at 30°C. Small cells were selected from the log-phase population by sucrose gradient centrifugation and reinoculated into minimal medium containing thymine but lacking leucine at 30°C. After 120 min, leucine was added and the growth temperature was raised to 42°C. After 70 min at 42°C, the optical density of the culture had increased by 45%, at which point the distribution of phage receptors on the cells was determined. Figure 10 shows that cell elongation had clearly been unipolar at 42°C, even after a treatment designed to allow chromosome termination before the temperature shift. Figure 11 shows the course of deoxyribonucleic acid synthesis in a similarly treated culture and also in a control in which leucine was not removed. The rate of deoxyribonucleic acid synthesis (as measured by the rate of incorporation of labeled thymidine into acid-insoluble material) showed a stepwise increase in the control, as expected for a synchronous culture (although the degree of synchrony was not great enough to allow the expected drop in rate at termination of rounds to be seen). The initial rate of synthesis in the absence of leucine was somewhat lower than in the control, as has been described previously (24) . This rate remained constant for about 40 In the second experiment, small cells of M6T-leu-were selected as before from a 30°C logphase culture in minimal medium with thymine (+ leucine) and reinoculated into minimal medium without thymine (+ leucine) at 42°C. After one mass doubling, the distribution of receptors was assayed. Figure 12 shows that the distribution is now symmetric, indicating that the switch to bipolar growth had taken place even when chromosome termination had been prevented.
Pattern of insertion of newly synthesized receptors. We also examined the pattern of insertion of newly synthesized receptors into the outer membrane. To do this, a population of cells was grown at 42°C in minimal medium for many generations, to reduce the number of preexisting receptors to a minimum, and then shifted to 30°C, to allow synthesis of receptors to resume at its maximum rate. After one mass doubling in the presence of penicillin, receptor distribution was assayed (Fig. 13) . The receptors were found to be distributed fairly evenly over the entire cell surface, except for a small decrease at the poles.
We have interpreted such results as indicating that newly synthesized receptors are inserted at random into both "old" (420C) and "new" (300C) areas of the cell surface (2). Leal and Marcovich )17) have also found that T6 receptors appear over the whole surface of cells into which the tsx+ allele has been newly introduced by mating transfer. Newly synthesized receptors for phage X are also found over the whole cell surface by about one mass doubling time after induction of their synthesis (27) . Knowledge that receptors are inserted in this way is necessary for the calculation of distributions of phage receptors to be expected for various modes of cell surface extension (see below).
DISCUSSION
Our results, we believe, show that newly synthesized T6 receptors are inserted at random over the whole cell surface, but once they are inserted they then remain together in the same total area for at least one cell generation. In this behavior they appear to resemble other membrane proteins, such as permeases, which have also been reported to be inserted at random but to be conserved together in one or two large areas per cell over the next few cell generations (15) . This interpretation is also consistent with the reported results of Leal and Marcovich (16, 17) on the pattern of insertion and inheritance of T6 receptors when the relevant structural gene had been introduced or removed from cells by mating transfer. Such observations suggest the existence of a permanent or semipermanent molecular lattice or "framework" in the cell membranes, to which the T6 receptors become bound. Experiments carried out in other ways have shown clearly that a large proportion of membrane proteins do not behave in this way but behave as if they had considerable mobility within the membrane (9, 14, 19, 32) . These observations do not invalidate the inference from other data that a framework must also exist (2, 5-7, 15, 16) . Nevertheless, the concept of a "membrane framework" remains vague in the absence of any further information on its possible structure.
The advantage of the technique described in this paper (and earlier [2] ) is that the spatial position of the conserved areas of the membrane can be determined. Thus, we can conclude that extension of the membrane framework is taking place only at the cell poles (2, 6). Moreover, we can see that extension is at one pole only in small cells and that it takes place at both poles in larger cells. This agrees with our previous observations on cell extension in E. coli (2, 6), as it does also with earlier observations (3, 11, 13) .
To explain our observations, we use a modification of the "unit cell" model of cell growth described earlier (6) . According to this model (5), there exists a growth unit (the unit cell) FIG. 6 . Cells ofE. coli K-12, strain M6, labeled with phage T6-M6 and negatively stained. The cells were selected from a population grown in minimal medium at 30°C for many generations and then grown at 42°C (in the presence ofpenicillin) for a period that allowed an increase in mass of50%. Phage were then adsorbed to the cells as described (see text). The vertical lines on the tracings show the expected position of the boundary between the part ofthe surface synthesized at 30°C (left two-thirds) and the part synthesized at 42°C (right onethird), calculated according to the growth model developed in the text. The expected proportion ofphage in the left two-thirds of the cell is 95% and that observed is about 93%. (Phage particles are much more easily seen around the edge of the cells, because stain accumulates in the interior.) x48,000. consisting of a conserved area of cell surface of fixed size. A new unit forms at one pole of the existing unit, new material being added to the distal tip of the nascent unit (Fig. 14) . Growth continues in this way until an amount of new surface equal to that of a unit cell has been produced. At this point, the cell consists of two unit cells, and two new nascent units are initiated at opposite poles of the existing units. Cell extension, therefore, becomes bipolar at a fixed cell length, which is equal to twice the minimum cell length. In successive growth cycles each unit cell will therefore initiate a new unit at alternate poles. Cell division will take place at the junctions between sections of the cell containing completed units (Fig. 14) , at a time determined by the timing system for cell division (see 4, 7) . The calculated number and positions of these potential division sites in cells and filaments of different lengths correspond to those observed (6) .
We have attempted to estimate the length at which cell elongation changes from unipolar to bipolar, using the data presented here. To do this a number of assumptions were made. These were (i) that newly synthesized receptors are inserted at random into all areas of the cell surface, (ii) that cell lengths are distributed approximately as cell ages in populations, and 10 . Distribution of T6 receptors on small cells of M6T-(selected from an asynchronous logphase population growing on minimal medium at 30°C), which has been starved for leucine for 120 min to allow chromosome termination (see Fig. 8 ) and then grown in the presence ofleucine at 42°C until the optical density had increased by 45%. Distribution plotted as in Fig. 1 (iii) that cell ages in log-phase populations are given by the cell age distribution of Powell (25) . We assumed also that the rates of synthesis at 30 and 42°C differed by a factor of 10 and that the switch from one rate to the other took place immediately on changing the temperature in either direction (30) . The consequence of our first assumption is that receptors will accumulate constantly in any existing area of membrane, so that older sections will have more receptors than younger ones. A gradient of recep- This original unit cell is labeled "0". This cell grows in length by extension at one pole until a new "daughter" unit of equal length has been completed. The growth of the original unit (0) then switches to its other pole, whereas the new unit (1) grows at the same pole as before. When the next set of unit cells have been completed (2) , growth of each of the existing units switches back to the opposite end once more. This process continues for the "lifetime" of each unit cell. Cell division takes place only at junctions between pairs of completed units (connected by dashed lines in the figure) at a time determined by a separate timing system (see reference 7) and that depends on the growth rate. The exact number of completed and nascent unit cells in a newborn cell will therefore be determined by the growth rate of that cell, and the pattern of growth during the subsequent cell cycle will be given in the diagram as the sequence ofpatterns over the subsequent doubling in length (see reference 6).
tor density from the youngest sections (the poles) to the oldest regions will therefore be expected in all experiments. All the distributions obtained in our experiments do, in fact, show such a gradient from at least one pole toward the cell center, which is the reason that we propose that growth of the framework is taking place at the cell pole (rather than from the junction between the nascent unit cell and the existing unit as we proposed earlier [6] ). The calculation of the exact proportion of receptors in the older and younger sections of the cell is more difficult and depends on knowledge of the average age of pre-existing units in an exponential population (which we have taken to be two generations) and also on whether we assume that receptors will accumulate without limit in any region of membrane or whether it is assumed that there is some maximum number per unit area. However, the calculation of the distributions is not very sensitive to changes in these two assumptions, so that whereas we cannot say whether or not the values we use are correct, they make little difference to our general conclusions.
Using all these assumptions, we calculated the expected distributions of receptors assuming that cell division took place at various stages in the growth sequence shown in Fig. 14 . The best fit was obtained on the assumption that in minimal medium cell division took place when the cell reached 2.5-unit lengths. Thus, the newborn cells would each consist of one existing unit cell and a nascent unit one quarter of this length. The proposed pattern of growth for a cell cycle at this growth rate is shown in Fig. 15 Fig. 11 ) so that each daughter is again 1.25 units long at the time when division is complete. In the case in which newborn cells with this growth rate are shifted to 42°C at 0 min, the total hatched area corresponds to the position of the preformed T6-receptor sites during subsequent growth (cf. Fig. 5, 6, and 7) . G, Generations. The length of newborn cells estimated from the electronmicrographs used in this paper is 1.65 + 0.36 Am. Thus, our estimate of the length of the unit cell is 1.32 ± 0.29 ,um.
In another paper (6a), we provide evidence that the minimum length of cells of this strain of E. coli is 1.39 Am (calculated from the estimated newborn cell length for a population growing at zero growth rate). This corresponds well with the independent estimate of unit cell length given above. Moreover, this paper also provides evidence that the rate of cell elongation doubles when the cell reaches twice this minimum length. This also fits with our present model, which states that the number of growth zones doubles when the cell reaches 2 units in length.
Measurement of the average lengths of cells of M6 grown in rich medium for the experiments described in this paper gives an estimate for the newborn cell length of 2.5 ± 0.3 ,um. Thus, in terms of our model, the newborn cell in this medium is approximately 1.9-unit cell lengths. We would therefore predict that cell elongation will be from both poles over almost the entire cell cycle. The symmetrical distributions of T6 receptors shown in Fig. 8 provide evidence that this is so.
The model for cell growth that we propose here is consistent with our previous observations on the localization of penicillin-sensitive sites in cells of various lengths (6) . In small cells (less than 2 units), these correspond in position to the junction between the existing unit and the nascent "daughter" unit. The estimate of unit cell length in that paper (ca. 1.7 ,m) was somewhat higher than our present estimate, but the errors in estimate of the two methods make the difference insignificant. We no longer believe our previous unit cell model to be entirely correct, notably in that our present evidence is that cells of greater than 2 units extend at the two poles rather than in the cell center. The evidence for central growth was much weaker than our present evidence for bipolar growth and is capable of alternative explanations. The asymmetric extension from one pole of cells of less than 2 units is, however, the same in both models.
It is intriguing to note, in passing, that the model for cell growth for our strain of E. coli given in Fig. 15 is almost exactly the same as the pattern of cell elongation of the rod-shaped fission yeast Schizosaccharomyces pombe (31) .
In that organism the wall of the "mother" cell is conserved during growth, whereas a new "daughter" bud appears at one pole. This bud elongates by growth at the distal tip. About three-fourths of the way through the cell cycle, a new bud is initiated at the opposite pole of the mother cell and also at the distal tip of the daughter. Bud scars, formed at division, mark the junctions between cell units. A difference between "fission" yeast and "budding" yeast is that in the latter, but not in the former, there is a distinct constriction between mother cell and bud throughout the cell cycle. It is worth noting that, according to our model, the difference between the growth pattern of E. coli and the socalled budding bacteria is equally trivial. This idea was suggested originally by Bisset and coworkers (3, 13) .
Other workers have labeled the cell surface of E. coli in various ways without finding evidence of the growth pattern we describe here. These results fall into two main groups: those in which lipids or total membrane proteins were labeled and the localization and subsequent fate of the label were determined; and those in which the mucopeptide sacculus was specifically labeled with radioactive diaminopimelic acid. In the first group of experiments no evidence was obtained either for localization of incorporation or for conservation of labeled areas during subsequent cell growth. We suggest, as have others, that such results may have been obtained because only some of the membrane proteins and perhaps none of the lipids are permanently bound to our proposed molecular framework, whereas the rest are free to move in the membrane. In contrast to these experiments, careful study of the distribution of specific permease molecules to daughter cells (15) has provided clear evidence for the existence of a permanent conserved framework to which they, like the T6 receptors, are attached. In the second group of experiments, using radioactive diaminopimelic acid, initial incorporation was found to be localized in a central zone, and this has been adduced as evidence for the existence of a central zone of cell elongation (29) . However, other evidence seems to us to make this interpretation most unlikely. Thus, the labeled diaminopimelic acid is not permanently located in the central zone in which it is first incorporated but is rapidly redistributed to random positions throughout the sacculus, and therefore it cannot be said that there is net growth of the sacculus at the central zone. Net growth is, in fact, by unlocalized intercalation over the whole sacculus of material, which is found initially and transiently at the cell center. This conclusion is strongly supported by observations of the growth of the sacculus in mutants in which division has been inhibited without inhibition of cell elongation (29) . In VOL. . 129, 1977 on October 27, 2017 by guest http://jb.asm.org/ Downloaded from such mutants there is no localization of incorporation, and label is found randomly intercalated from the start. We would like to suggest the possibility that the central zone, which is labeled initially by diaminopimelic acid, is the potential division site (the junction between completed units in our model), which is a site of metabolic activity different from the rest of the surface (e.g., it is a site of autolysis in the presence of penicillin [6, 18, 28] and may also be the site by which receptors for phage X reach the outer membrane from the cell interior [27] ). The observations on diaminopimelic acid labeling would then be consistent with our our model of cell growth.
